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ACID-BASE EQUILIBRIUM AND SALT AND WATER
EXCHANGE
JOHN P. PETERS
PHYSIOLOGICAL AND CHEMICAL CONSIDERATIONS
Definitions: Van Slyke72 has defined acidosis as a condition
in which the bicarbonate of the blood or serum, or, more exactly,
the base available for combination with bicarbonate, is diminished.
Alkalosis is a condition in which there is in the blood or serum an
abnormal excess of bicarbonate, or base available for combination
with bicarbonate. These definitions are quite restricted: they say
nothing of the true reaction or hydrogen-ion concentration of the
blood, nothing of abnormal accumulations of acid. Nevertheless
they have come to be accepted because they are expressed in terms
of that function of acid-base equilibrium which is most frequently
disturbed and which can be most easily and accurately measured.
The function of bicarbonate: Bicarbonates are salts of carbonic
acid which is nothing more than the gas, carbon dioxide, in solution.
Carbonic acid plays a peculiar role among acids in biology because
of a special combination of properties: i. it is a weak acid and an
excellent buffer at physiological reactions; 2. it is produced in large
quantities in the normal metabolic processes and is, therefore, always
available from endogenous sources; 3. it is volatile and can, there-
fore, be excreted by the lungs. The reactions involved in the forma-
tion of bicarbonate by combination of C02 and base, and the libera-
tion of C02 from bicarbonate are:
produced in metabolism of tissue.
(I) CO2+ H20 = H2CO3
(2) H2CO3 + NaOH = NaHCO3 + H20
(3) NaHCO3 + HA* =NaA + H20 + C02 ->expired air
Under ordinary circumstances respiration is so regulated that
the excretion of carbon dioxide by the lungs not only keeps pace
with its production in the body, but also maintains the ratio of
carbonic acid to bicarbonate in the blood relatively constant. This
*The terms "A" and "B" will be used to indicate, respectively, any mono-
valent acid or base.YALE JOURNAL OF BIOLOGY AND MEDICINE
ratio, BHCO3 , is a direct function, as Henderson37 showed, of
the hydrogen-ion concentration. According to the familiar Hen-
3~ ~ ~ '1H2C03 derson-Hasselbalch35 equationl, H = Kl BHCO3 or, in negative
logarithmic form, pH PpK' + log (H2CO) The concentra-
tion of H2CO3 is dependent upoIn the tension of C02 in the blood,
and in turn, is determined by the rate of production of CO'2 in the
body and the pulmonary ventilation. It follows that, under any
circumstances, deviation of blood pH from the normal limits occurs
only if the respiratory mechanism fails to respond quantitatively
to C02 production or bicarbonate changes. The pH rises (i.e.
hydrogen-ion concentration falls) if respiration is too vigorous at
a given blood bicarbonate concentration; pH falls if respiration is re-
latively insufficient. The actual hydrogen-ion concentration affords
only a mreasure of the adequacy of the respiratory response to dis-
turbances of acid-base equilibrium and does not measure the degree
of the disturbance.
Van Slyke's definitions call attention to the fact that acidosis can
result not only from excessive accumulation of acids in the body,
but quite as well from an absolute or relative deficiency of base.
Gamble'9 has called bicarbonate (or carbonic acid) the "mendicant"
acid because it is such a weak acid that it is at the mercy of all the
other acids in the struggle for base. By the reaction pictured in
equation (3) it is robbed of its base and forced to get out by its
more powerful fellow acids, receiving its share only after all the
others are satisfied. It therefore serves as a measure of the differ-
ence between the total base and the other acids of the blood and,
at the same time, of the amount of base which can still be used
for the neutralization of other acids.
The function of bicarbonate in the defense against acidosis has
been given great emphasis; its importance in preventing alkalosis
has been less stressed. If, for any reason, more than the usual
amount of base appears in the blood, it is immediately neutralized
by combination with C02 and is excreted in the urine as bicarbonate.
C02 iS, of course, ubiquitous in the organism and can freely
penetrate all membranes. From equation (2) it is evident that
strong alkali can not exist in the presence of CO'2, but will be con-
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verted to bicarbonate. Bicarbonate, furthermore, can not exist in
the absence of free C02 (or carbonic acid) because of the occurrence
of the reaction
(4) 2NaHCO3 Na2C&3 + H20 + C02.
For these reasons, as Gamble"4 has pointed out, an alkaline urine
must contain bicarbonate and urine can not, on purely chemical
grounds, have a pH more alkaline than is compatible with the
existence of bicarbonate, about 8.2, the point at which bicarbonate is
converted to carbonate. That this point can be approximated, but
not surpassed, has been demonstrated by Mainzer50 and others.
The function of ammonia: Just as bicarbonate may be con-
sidered as an endogenous acid, so ammonia serves as an endogenous
base. It is formed from the neutral compound urea, a product of
normal metabolism, by reactions which can be most simply expressed
in the following manner,
(5) CO(NH2)2+ 3H20 + C02 O 2NH4HCO3.
urea
Even in the most highly acid urine strong acids can be excreted only
when they are neutralized by base. For this purpose ammonia is
employed, thus sparing the more essential mineral bases which can
be secured only from exogenous sources. The reactions involved
can be represented in the following manner:
retained
(6) NH4HCO3 + NaCl NH4C1 + NaHCO3.
urine
Gamble 19 was the first to point out, what has been amply sub-
stantiated by subsequent workers, that ammonia is formed and
excreted, not in response to the pH of the blood, as had been sup-
posed, but in accordance with the needs of the body for the con-
servation of mineral bases. Unlike bicarbonate, ammonia does not
play any part in regulating neutrality within the body, but only in
facilitating the excretion of acid in the urine. In fact, the burden
of evidence indicates that it is formned in the kidney5'6.
Urinary reaction changes: Among the other defenses against
disturbainces of acid-base equilibrium one of the most important is
the ability of the kidney to produce urine that is either more acid or
more alkaliie than the plasma, from which it is derived. This
enables it to excrete a certain proportion of weak acids a; free acidYALE JOURNAL OF BIOLOGY AND MEDICINE
and thus to conserve the base with which such acids were combined
in the body. Henderson36 estimates that in a highly acid urine a
considerable amount of p-hydroxybutyric acid may appear as free
acid, while in the blood 99 per cent of it must be neutralized by
base. In the blood, at pH 7.4, 8o per cent of the inorganic phos-
phate is composed of the alkaline salt, B2HPO4, only 20 per cent
of the acid, BH2PO4; in a highly acid urine almost all of the
phosphate may be in the acid form. 'rhe conversion, in the process
of excretion, of a molecule of alkaline phosphate to the acid form
or of a molecule of organic acid salt to free acid saves for the organ-
ism a molecule of mineral base, by the following reactions.
blood blood
(7) B2HPO' + H2CO3 = BH2PO'4 + BHCO3.
blood urine blood
(8) B (organic acid) + H2C03 H (organic acid) + BHCO3.
urine
Discussion of the buffering influence of weak acids, especially
proteins, organic and inorganic phosphates, and carbonates, in the
prevention of changes of reaction in the internal environment, is
somewhat outside the scope of this review. The chief value of such
buffers lies in mitigating the effects on pH of sudden accessions of
acids or alkali, until the eliminative mechanisms described above
may be brought into play.
Distinctive acid-base patterns in body media: The reactions
which have been briefly summarized above are those which are
generally recognized as immediate effects of, or specific responses
to, disturbances of acid-base equilibrium. However, the effects of
such disturbances are not strictly confined to a single system. It is
too generally assumed that certain functions in the body bear pe-
culiar relations to one another to the exclusion of all other functions.
Such exclusiveness seems to deny the most distinctive feature of
living matter, its automaticity or tendency to continue its existence,
something that one can admit without confessing himself a vitalist
(cf. Henderson38). Only under restricted conditions has it proved
possible to demonstrate a consistent relationship between any two
physiological variables such as blood pH and pulmonary ventila-
tion. If any one function such as the pH of the blood were favored
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to the exclusion of others, survival of the organism would be con-
tinually threatened by relatively trivial disturbances. Factors which
alter the pH or the bicarbonate of the blood distort at the same
time the internal environment of the body in other ways; and each
one of these distortions provokes new counter reactions. Each func-
tion which is squeezed or jostled resists the assault with one elbow
TABLE I.
Blood
Serum Cells Muscle
Bases
Sodium mg. per cent 330 0 8o
Potassium " " 20 420 320
Calcium " " I0 0 8
Magnesium " " 3 3 2I
Acids
Bicarbonate vol. per cent 6o 41
Chloride mg. per cent 355 185
Phosphate P " " 3.5 3.5 +
Organic acid + +
Protein per cent 7 32
and, with the other, makes itself more room by squeezing or jostling
another neighboring function. Some kind of equilibrium or modus
vivendi is attained only when a compromise has been reached among
a number of functions, each one of which has yielded as little as pos-
sible to every other. Therefore, to appreciate the full effects of any
disturbance one must envisage the whole setting and observe the re-
sponse in all its aspects and dimensions. Such a complete and com-
prehensive view is, of course, unattainable; but our horizon in re-
lation toacid-base disturbances has, thanks especially to Gamble,been
greatly extended to include the whole salt and water metabolism of
the body. An adequate discussion ofacidosis and alkalosis, therefore,
involves adescription of thegeneral features of the inorganic internal
environment and its responses to acid-base changes.
It must be recognized, first, that inorganic elements are not
evenly distributed throughout all the media of the body. The fact
that calcium salts exist in solution in most of the body fluids, but
normally attain a high enough concentration to precipitate out only
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in bone, is familiar to every one. The comparison of the con-
centrations of acids and bases in blood serum, blood cells, and muscle
cells, in the table above, reveals the fact that hardly a single com-
ponent is evenly distributed throughout the three media.
There is only half as much chloride in blood cells as in serum,
and even less in muscle. Only questionable traces of calcium and sodi-
um are found in blood cells, potassium predominating among bases;
while in serum there is little potassium, and sodium is the chief
basic element. Such peculiar distributions are, as yet, inexplicable
OIn purely chemical grounds; nevertheless these distinctive patterns
seem to be obligatory marks of differentiation between body media
that are presumably connected with differences in function. It
follows that no two elements, no matter how closely they may be
related, are mutually interchangeable in the bodily economy. At-
tempts to modify these patterns are resisted by the organism.
Some implications of the data presented in the table have suffi-
cient known bearing on clinical and physiological problems to war-
rant special attention. It should be obvious to anyone that analysis
of whole blood for inorganic elements can give no significant in-
formation. The proportion of cells in blood is a more inmportant
determinant of the amount of potassium, sodium, calcium, or chlorine
in whole blood than is the concentration of any one of these in either
cells or serum. Anemia patients will have high whole blood cal-
cium, sodium and chloride, not because the concentration of anv of
these elements in either cells or serum is abnormal, but merely be-
cause there is more serum in each unit of blood.
Uneven distribution of sodium and potassiumi: The restriction
of potassium to cellular and of sodiumn to fluid phases is probably
not characteristic of blood alone, but holds for tissue cells and in-
terstitial fluids. Of this the muscle analysis given above is an ex-
ample. Throughout the body, potassium appears to be the chief
base of cells, and sodium of body fluids. Destruction of cellular
tissues, then, should be attended by loss of potassium, while diminu-
tiotn of the interstitial fluids of the body should result in increased
exc:-etioin of sodium only. Indirect evidence that this is the case
is found in Salkowski's66 studies of salt metabolism in disease and in
the study by Gamble, Ross, and Tisdall19 of the acid-base metabolism
during starvation.
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In states of simple dehydration the body appears to guard tissue
cells more solicitously than it does interstitial fluids. In vomiting,
diarrhea, diabetic acidosis, etc., the loss of fluid from the blood
serum, for example, is greater than that from the blood cells and
with this fluid is lost its characteristic base, sodium. Because foods
are chiefly plant or animal cells, they contain mainly potassium salts
and only small amounts of sodium. The latter is contributed chiefly
in sodium chloride which is added to food either in the course of
preparation or after it is on the table. In states of dehydration,
therefore, restoration of the normal internal environment can not
be secured as rapidly or certainly by the ingestion of food and water
alone as it can if, in addition, sodium chloride is given.
Magnus-Levy,48 Blum4 and others have shown that certain
types of edemna, especially those of diabetes and nephritis, are ag-
gravated by the administration of sodium chloride or sodium bi-
carbonate. On the other hand, administration of the corresponding
potassium salts has no such unfortunate effect and may even cause
diuresis. From this one would be led to infer that the edema in
these cases affected only the interstitial fluids and not the cellular
elements of the body.
Osmotic equilibriunm: Although the various body media differ
strikingly in their individual chemical patterns, there are substan-
tial reasons for believing that all of them, cells and interstitial
fluids alike, are and must be in osmotic equilibrium, that is
isotonic71' 74, 78. The osmotic pressure of a solution is determined
by the concentration of chemically active components (molecules
or ions) which it contains. Because of their small molecular size
and the fact that they are electrolytically dissociated into ions, inor-
ganic compounds are the chief determinants of osmotic pressure. The
maintenance, within narrow limits, of a constant osmotic pressure,
i.e., a constant electrolyte concentration-throughout body media
appe:.rs to be essential for the preservation of cellular structure and
function. The alterations in salt solutions of different concentra-
tion of the form of red blood cells, varying from crenation in ex-
tremely hypertonic solutions to rupture with hemolysis in extremely
hypotonic solutions, is familiar to everyone. It is essentially for
the maintenance of cell structure that the surrounding fluid media
remain always isotonic. The dangers attending disturbance of this
property can be illustrated by examples.
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Rowntree64' 65 and others54 have shown that the administration
to dogs by stomach tube of quantities of water far in excess of their
excretory powers causes serious symptoms, finally culminating in
convulsions and death. That it is not merely the volume of fluid
which is responsible for the intoxication is evident from the fact
that the administration of an equal amount of isotonic salt solution
has no similar effect. Moreover, if salt alone is given to the in-
toxicated dogs, symptoms of intoxication rapidly disappear. The
blood and tissues in water intoxication are greatly diluted and, in
fatal cases, the blood cells are found to be hemolyzed54 6. One
is forced to conclude that the deleterious effects of excessive water
are due to reduction of the normal salt concentration, the osmotic
pressure, of the body fluids.
Although these experiments can not be exactly duplicated in
man, at least with his consent, analogous conditions can be produced.
Persons who have suffered depletion of both salt and water and who
are extremely dehydrated, possess a certain craving for water, even
without salt, which sometimes leads them into trouble. In certain
mines and in stoke-holds men are forced to do heavy manual labor
at high environmental temperatures. This entails the loss of sur-
prisingly large amounts of fluid and salt as sweat. If large quan-
tities of water are taken to satisfy the thirst which results, a con-
dition known as miners' or stokers' cramps, characterized by severe
muscular and abdominal cramps, may ensue. Moss55 has shown
that this may be prevented if salt solution, instead of water, is used
to quench the thirst. The harm appears to be done not by the ex-
cessive sweating, not by chilling, as is so generally believed, but by
dilution of the salts in the body, which have been reduced by the
previous loss of sweat.
To prevent changes of internal osmotic pressure, the excretory
functions of the organism are so regulated that, if the supply of
salts and water is unlimited, their concentrations in the body re-
main relatively unaltered. If reasonably large amounts of water are
taken in, salt will be retained until the excess of fluid is eliminated;
if salt is taken water will be craved and will be used to dilute the
salt to normal concentration. If an excess of salt is excreted for
any reason, an equivalent amount of water will be eliminated; if
water is lost from the body, the salt which was dissolved in it will
also be excreted. These reactions, which may be called the defense
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against disturbances of osmotic pressure, have been especially dem-
onstrated by the studies of Gamble.
Constant fluid volume: The living organism, however, does
not concern itself about osmotic pressure to the neglect of all other
functions. A sharp distinction must be drawn between the concen-
tration and the content or total quantity of any substance in body
media. If two beakers hold, respectively, I00 and 200 cc. of a
one per cent solution of the same salt, it is obvious that the second
contains twice as much salt as the first, al-
though analysis of samples from both beakers PH
without knowledge of the volumes of fluid
might lead to the erroneous conclusion that WQE
both contained the same amount. The body
does strive to maintain constant concentration
of salt more solicitously than it does total
content; but the latter is not entirely neglect- Na
ed. There is a demonstrable tendency to C1
prevent extreme alterations of the volume
of fluid in the body. This has been already
illustrated in the discussion of miners' cramps.
Acid-base balance of body fluids: With-
in the limits of variation of the hydrogen-ion l t
concentration of serum no significant quanti- FIG. I.
ties of free acid or alkali can exist in the body; The relative concen-
all acids and bases are found in combination trations of acids and bases
as neutral salts. This is illustrated in figure in normal human serum.
IX which shows the concentrations of acids and bases in normal blood
serum. In this and subsequent figures the various acids and bases
are evaluated not in the conventional gravimetric terms, as mg.
per cent, but in chemical combining equivalents, as milliequivalents
per liter or cc. of O.I N acid or alkali per I00 cc. This method of
measuring all the components by a common unit, permits a balance
to be cast between acids and bases. Methods have recently been
proposed by which the total base concentration in terms of combin-
ing equivalents, may be determined by a single analytical pro-
cedure70. Because the concentration of total base is equal to that
of the combined acids of the blood, determination of total base gives
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a measure of the total electrolyte concentration of serum; because, if
[A] =[B], [A] + [B]=2 [B]
In normal serum 90 per cent of the base is composed of sodium.
Two-thirds of the acid is chloride, one-fifth to one-sixth is bicarbon-
ate, one-tenth protein. Organic acids and phosphates play less im-
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FIG. 2.
A schematic representation of the acid-base balance of qerum during the development
of diabetic acidosis. For description see text.
portant roles; sulfate is found in only negligible quantities. Sodium
and chloride, therefore, are the most important determinants of
osmotic pressure.
PATHOLOGICAL CONDITIONS.
Diabetic acidosis: Diabetic ketosis affords, perhaps, the best
example of the effects of acidosis because it has been so completely
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studied and because, in its most severe stages, it calls into play all
the reactions of the body against acidosis. The condition differs only
in degree from the acidosis of starvation which Gamble, Ross, and
Tisdall"9 have analyzed so beautifully. In figure 2 an attempt has
been made to illustrate schematically the various disturbances of
electrolyte, acid-base, and osmotic equilibrium that occur in severe
diabetic acidosis. In this figure the lower set of columns repre-
sents the concentrations of electrolytes in the serum. The upper
set represents the absolute quantities of the same components in the
circulating serum. The dot-and-dash line running along the top
indicates the serum volume. Both sets of columns are drawn to
the same scale so that they may be compared easily and directly.
Columns I represent normal acid and base concentrations and con-
tents, and blood volume. On the base side potassium, calcium, and
magnesium have been grouped together, on the acid side, protein,
sulfate, and phosphate, because they are of relatively little im-
portance for the present purpose. Attention will be centered on
sodium, organic acid, chloride, and bicarbonate.
The disturbance of acid-base equilibrium in diabetic acidosis
can be referred entirely to the production in the body of excessive
amounts of ketone acids (p-hydroxybutyric and aceto-acetic acids),
which can not be burned unless carbohydrate is simultaneously oxi-
dized. The increase of these acids is shown in columns II, where
the concentration of organic acids has risen, displacing bicarbonate,
which is shown above, as C02, escaping into the expired air. At
the same time the kidneys are doing their part in restoring the nor-
mal acid pattern by excreting the ketone acids, A, into the urine, part-
ly as free acid, HA, partly neutralized by ammonia as NH4A. No
one of the reactions, thus far, has withdrawn from the body any
essential inorganic element. If, by the administration of insulin
and carbohydrate, at this moment the excessive production of ketones
were checked and the patient were enabled to burn the ketone acids
which have accumulated in the blood, the process could be reversed
and the normal electrolyte picture could be restored by internal re-
arrangement of acids alone. C02 would be retained to form bi-
carbonate with base liberated from the oxidized organic acid.
In subsequent columns it is assumed that all preceding reactions
continue operative, although, to avoid confusion, only new reactions
are specifically illustrated. It must also be understood that, in
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life, these reactions do not take place as separate steps in the order
in which they are shown. In columns III the organic acid load has
become still greater; bicarbonate has been further reduced. Am-
monia production is unable to meet the demands for the neutraliza-
tion of acid in the urine; therefore base, sodium, is used for this
purpose (see NaA pouring into urine). Although this facilitates
acid excretion, it still further diminishes the amount of base avail-
able for combination with bicarbonate and, at the same time, leads
to reduction of the total concentration of salt which can not exceed
the base. The result is shown in columns IV, where both electro-
lyte concentration and content of serum are seen to have fallen below
the normal level. This results in reduction of osmotic pressure, or
hypotonicity. Unable to tolerate this the body excretes water to
reduce the volume of the serum sufficiently to restore the proper
concentration of salt. In columns V it will be seen that electrolyte
concentration has returned to normal, but electrolyte content has
fallen. Serum volume has diminished. Meanwhile, bicarbonate
has been almost extinguished.
Knowledge of subsequent reactions is somewhat less certain. It
has been repeatedly demonstrated' 33,' 45S that in the most severe
states of diabetic acidosis the concentrations of both base and Cl in
the serum are abnormally low. At the same time serum volume is
diminished8. Chloride appears to yield its base to neutralize the
ketone acids, thus saving bicarbonate from complete extinction58.
Some of the Cl may be excreted with ammonia in the urine. Most
of these patients vomit, which would enable them to eliminate free
hydrochloric acid. It has been suggested that Cl accumulates in
high concentration in special tissues of the body6. Such local ac-
cumulations are not compatible with what is known of electrolyte
distribution and the forces which control it, and have not been ac-
ceptably demonstrated. In other conditions similar hypotheses of
uneven chloride distribution, when put to the test of exact analysis,
have proved false.
Cl is, therefore, shown passing into the urine as ammonium
chloride, NH4Cl, and into vomitus as free HCl, yielding a small
amount of base for bicarbonate. However, as all the other reactions
continue to operate, electrolyte depletion becomes extreme; a point
is reached at which the body refuses longer to sacrifice fluid volume
to save salt concentration and the condition illustrated in the last
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column, VI, is reached. Though serum volume has diminished
greatly, base concentration has fallen quite as far and the actual base
content can be seen in the upper column to have become greatly
depleted. Proteins have increased slightly as a result of hemocon-
centration.
Attention has been focussed on serum and urine alone, because
they are the only materials available for direct analysis. Serum
must, however, be regarded merely as representative of extracellular
body fluids which, presumably, suffer alterations of the same degree
and kind. BloQd cells,-and, it may be inferred, tissue cells-yield
less water and salt8' 58. They do, however, suffer in-another direc-
tion. The diabetic organism, unable to burn carbohydrate or to secure
its full fuel value from protein and fat, is forced to consume its
own tissues. The rate of nitrogen catabolism is greatly accelerated.
This probably leads, as it does in starvation19, to the excretion of
cellular potassium, which aids sodium in the neutralization of urin-
ary acid. Calcium and phosphate, derived from bones, probably
also aid in the fight against acidosis.
To make the picture of the condition more complete, circulatory
and respiratory effects of acidosis should be included. Certainly some
of them must be mentioned. Extreme dyspnea results from in-
creased metabolism and the necessity of driving off the C02 liber-
ated from bicarbonate by the action of the ketone acids. This over-
ventilation may and, in fact, usually does fall somewhat short of its
mark. In this case the blood becomes more acid,.e., its hydrogen-
ion concentration increases-because the ratio of free carbonic acid
to bicarbonate, BHCO3 rises. What is quite as important, but
less often mentioned, is the fact that such dyspnea leads to loss of
body heat by radiation and evaporation. Cooling plus reduction of
blood volume were shown during the war to be the most important
factors in the production of the condition known as traumatic or
surgical shock. How far shock may be responsible for the symptoms
and fatalities in diabetic acidosis is still uncertain; but its part has
probably been greatly underestimated.
Although figure 2 is constructed from no particular case of
diabetes, comparison with figure 3, which is made up from a group
of cases, shows that it gives a representative picture of the actual
effects of severq diabetic acidosis. In figure 3 the lower columns
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show concentrations of electrolytes in the serum of patients in dia-
betic coma or threatened coma, shortly after admission to the hos-
pital (from data of Kydd, Stetson, and Peters44).
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shows the concentration of various acids in the sera of patients with severe diabetic
ketosis. In the upper set of columns an attempt has been made to estimate the
actual deficiency of electrolytes in the serum. This has been calculated by as-
suming that the difference between serum protein concentration at the height of
acidosis and after recovery was entirely due to change in serum water content.
For example, in case no. 8I042, the serum protein concentration at the time of
the first observation, when the patient was on the verge of coma, was I9.5
milliequivalents. This is shown in the lower column. Two days later, when he
had recovered, the proteins had fallen to I 3.5 milliequivalents. Therefore, the
concentrations of all the serum electrolytes at the time of the first observation
are multiplied by the factor 13.5/19.5 to determine the relative content of serum
electrolytes at this time. The values thus obtained are used in the construction
of the upper column. The total height of each column,-i.e., the sum of dll the
acids, is equal to the total base.
The left hand columns present, for comparison, the e!i ctrolyte pattern of
average normal human serum.
In the upper columns an attempt has been made to estimate the
actual serum electrolyte contents, using the serum protein values
after recovery as an index of the extent of initial blood dehvdra-
tion. From the lower columns it will be seen that the concentra-
tions of electrolytes are usually somewhat reduced, with bicarbonate
the chief sufferer and with variable deficits of base and Cl. When
the upper columns are considered it becomes at once apparent that
base and Cl are invariably greatly depleted. Data of other ob-
servers 33,58 similarly treated, confirm these conclusions.
Comparison of columns I in figures 2 and 3 with column VI of
figures 2 and columns 2 ff. of figure 3 permit certain deductions as
to the treatment required to restore normal conditions in the shortest
possible time and in the most direct manner. Serum volume and,
presumably, the total fluid content of the body, is low; the patient
is dehydrated. However, the administration of mere water or glu-
cose solution will only dilute further a serum that is already defi-
cient in salt. Either; the fluid will not be retained or the osmotic
pressure of the serum will be dangerously reduced. He must re-
ceive base, sodium, in large quantities. Chloride must also be pro-
vided. Neither of these can be secured from endogenous sources
and must, therefore, be given in the form of sodium chloride. By
means of insulin and carbohydrate the production of ketones may be
checked and the ketones which have accumulated in the body may
be oxidized. All the base liberated from these acids is at once
rendered available for combination with carbonic acid to form bi-
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carbonate. It is apparent that this will, in most instances, provide
enough base to restore almost completely the normal bicarbonate
content of the serum.
Administration of sufficient water, sodium chloride, carbohydrate
and insulin would, therefore, restore the electrolyte picture to normal
except for a slight residual bicarbonate deficit. To overcome this,
small doses of sodium bicarbonate may be of benefit. If the initial base
deficit were satisfied with bicarbonate alone, bicarbonate excess, or
alkalosis, would inevitably result. Hartmann33 claims that, if no
bicarbonate is given, but reliance is placed on chloride solution alone,
base and bicarbonate deficit may persist for some time. The author
has had no such experience, perhaps because he has given larger
quantities of sodium chloride and water than did Hartmann. Even
the latter does not advocate bicarbonate without chloride and recog-
nizes that the latter is the more necessary of the two. If the fluid
and salt content of the body is replenished and an adequate urine
flow established the kidney will rapidly adjust the acid pattern of
the body fluids by excreting Cl as the ammonium salt, retaining the
base to form bicarbonate; chloride must be provided from without.
Acids and acidifying salts: The administration of acids or acidi-
fying compounds produces, by comparable reactions, disturbances
quite similar to those of diabetic acidosis, including dehydration. The
loss of water, in every instance, may be considered as a response on
the part of the body to depletion of base, which is swept into the
urine to aid in the neutralization and excretion of the excess acid.
This has been clearly demonstrated by Gamble and his associates15 20.
Among the acids which may be used to produce acidosis are the min-
eral acids and organic acids which can not be burned in the body.
The administration of salts of the same acids with ammonia or with
the bivalent cations Ca, Mg or Sr is quite comparable in its effect to
the administration of the free acids. In the case of the ammonium
salts, after absorption the ammonium ion is converted to urea by a
reversal of the reaction shown in equation (5), leaving the acid ion
free to combine with base and to displace bicarbonate, thus producing
an acidosis. The acidifying and diuretic action of ammonium salts
has been repeatedly demonstrated'5' 20,29,42,, 5 Among the am-
monium salts which are employed therapeutically to produce acidosis
the chief are amrnonium chloride and the acid ammonium phosphate
NH4H2PO4.
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The acidifying effects of mineral acid salts of Ca, Mg and Sr de-
pend on a slightly different mechanism. The basic ions of these
salts are chiefly excreted in the stools as insoluble carbonates, phos-
phates and salts of fatty acids, without appreciably draining the acid
resources of the body. The acid ions are absorbed, combine with
base in the serum, displacing bicarbonate, and must finally be ex-
creted by the kidney with a certain proportion of mineral base, chiefly
sodium'5' 20. 28 5t. Loss of earthy metals in the stools is not due
merely to lack of absorption. The calcium of injected calcium
chloride is excreted chiefly by the intestines and, consequently, in-
travenous injection of this salt may be quite as effective in produc-
ing acidosis and diuresis as is peroral administration.49 Although a
great number of calcium and magnesium salts have been shown to
have acidifying and diuretic properties, calcium chloride is the only
one which has been extensively employed for these purposes thera-
peutically. Magnesium sulfate,- when given by mouth in acidify-
ing doses has a drastic cathartic action; intravenously or subcutane-
ously, because of the magnesium ion, it is a powerful sedative. Cal-
cium sulfate is quite insoluble.
Perhaps the strongest evidence that ammonia production and
excretion are evoked by the need for conservation of base is found in
comparative studies of the effects of ammonium chloride and calcium
chloride on acid-base metabolism'5' 20,51. After doses of the two
drugs which contain equivalent amounts of Cl, ammonia excretion
is the same. In the case of the ammonium salt more than half the
administered ammonia is converted to and excreted as urea; after
the calcium salt a considerable quantity of metabolic urea is con-
verted to ammonia. In both cases a large proportion of the adminis-
tered chloride is excreted as sodium chloride. It is only after sodi-
um has undergone a certain amount of depletion that ammonia
production reaches its height.
Hydroxides, carbonates, and bicarbonates of sodium and potassium
as well as salts of these metals with organic acids which can be oxi-
dized by the organism produce alkalosis by increasing the concentra-
tion of base and bicarbonate in the body. Among the alkalinizing salts
with oxidizable acids may be mentioned d-lactates, acetates and ci-
trates. The administration of such alkalies increases serum bicarbon-
ate, causes the urine to become more alkaline and suppresses the pro-
duction and excretion ofammonia5'. The total base concentration of
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the serum does not rise appreciably because water equivalent to the
administered base is retained with it. The results in dilution of serum
Cl. From examination of the serum alone one would gain the im-
pression that the bicarbonate ion had displaced Cl from combination
with base. Although such displacement may follow prolonged ad-
ministration of bicarbonate, it does not appear to be its first and
direct result. Indeed bicarbonate seems, at first, to diminish Cl ex-
cretion".
The effects of dilution or concentration on the one hand, and
specific ionic displacement on the other, in altering the concentration
of individual ions in the serum, must be carefully distinguished. The
effect on the serum of bicarbonate administration is equivalent to
dilution of the serum with an isotonic solution of bicarbonate. If
sufficiently large amounts of sodium chloride are taken serum
chloride increases, while bicarbonate becomes proportionately re-
duced. At first sight sodium chloride and ammonium chloride ap-
pear to have identical effects. The Cl ion, in both instances, seems
to have displaced the bicarbonate ion. However, more careful study
reveals the fact that the serum becomes more dilute after sodium
chloride, dehydrated after ammonium chloride. The effects of the
three salts, sodium bicarbonate, sodium chloride, and ammonium
(or calcium) chloride on acid-base equilibrium in serum are il-
lustrated in figure 4.
In general, it can be said that the entrance into the body of base
and acid in combination as salt (and the introduction of base alone,
because of the ubiquity of C02 which forms bicarbonate with the
base, is equivalent to the introduction of combined base and acid)
evokes retention of water. Loss of base and acid together is at-
tended by loss of water. Because in the excretion of acid a certain
amount of base is withdrawn into the urine, acidosis is dehydrating.
Overventilation and oxygen want: Although bicarbonate usu-
ally plays a mendicant role among the acids of the serum, it may,
under certain circumstances, force other acids into secondary or com-
pensatory reactions. Forcible overventilation of the lungs removes
from the blood a certain amount of C02. This reduces the hydro-
gen-ion concentration of the serum by diminishing the value of the
numerator of the ratio, NaHCO3 It furthermore, by the reaction
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FIG. 4.
The effects of the administration of NH4Cl, NaCl, and NaHCOs on serum
electrolyte equilibrium.
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The effect of NH4C1. In "a" enough NH4C1 has been given to increase
the concentration and content by Io milliequivalents, displacing an equivalent
amount of C02. In "b" one-half the excess Cl has been excreted as NH4Cl,
the other half as NaCl (as indicated in "a") and the normal osmotic pressure has
been restored by the excretion of water equivalent to the Na lost.
The effect of NaCl. In "a" enough NaCl has been given to increase the
concentration and content of Na and Cl by IO milliequivalents. In "b" one-half
the salt has been excreted as NaCl (as indicated in "a") and enough water has been
retained to restore the normal osmotic pressure.
The effect of NaHC03. In "a" enough NaHCO3 has been given to increase
the concentration and content of Na and HCO3 by IO milliequivalents. In "b"
one-half the salt has been excreted as NaHCO3 (as indicated in "a") and enough
water has been retained to restore the normal osmotic pressure.
shown in equation (4) causes the decomposition of bicarbonate with
liberation of base. Under these circumstances, as Peters, Bulger,
Eisenman, and Lee59 have demonstrated, serum Cl increases, pre-
sumably because its excretion in the urine is depressed. At the same
time bicarbonate is excreted in the urine. Ketonuria is also ob-
served after prolonged overventilation30 '7. Chloride and, to a less-
er extent, ketone acids are provided to neutralize the base freed from
bicarbonate by the pumping off of C02. Spontaneous overventila-
tion alkalosis has been observed chiefly in connection with functional
nervous disorders and in the postencephalitic syndrome. It is part
of the regular reaction to low oxygen tension in the inspired
air3 43' 59 When, however, oxygen want in the latter condition
becomes sufficiently serious to interfere with oxidative processes in
the tissues, lactic acid accumulates in the tissues and blood. This
may, at first, merely aid Cl and ketones in combatting the over-
ventilation alkalosis. When the anoxemia becomes extreme lactic
acid accumulation may become sufficient to produce an actual acidosis.
Asphyctic anoxemia: Primary retention of C02 was first dem-
onstrated in emphysema patients by Scott89. In this condition and in
other clinical states in which the exchange of gases in the lungs is
impeded by obstruction of the respiratory tract, an excess of C02
accumulates in the blood12 57 69. This would increase the hydro-
gen-ion concentration of the blood if it were not compensated by a
proportionate increase ofbicarbonate. Essen, Kauders, andPorges12,
and Peters and Bulger57 have shown that compensation is established
by the provision of base at the expense of Cl. Serum bicarbonate is
found abnormally high, while chloride is diminished to an equal
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extent. The end result of these reactions is to enable the animal,
without appreciable change of blood reaction, to maintain a high
tension of C02 in the blood and in the respiratory air and, thereby,
to excrete more carbon dioxide with a given respiratory volume.
Gastro-intestinal secretion: By a great variety of experiments
it has been established that the secretions of the gastro-intestinal
tract are, almost without exception, in osmotic equilibrium with
blood serum. Furthermore it seems to be a rule that alimentary
contents are brought into osmotic equilibrium with the serum be-
fore or during the process of absorption' 16,23,47. This explains the
fact that the rate of absorption of ingested sugar is independent of
the amount or concentration of sugar given. After administration
of an isotonic solution of sodium sulfate MacLean found that the
concentration of S04 + Cl in the stomach remained constant. Gam-
ble and McIver"6 have analyzed gastric, pancreatic, and hepatic
secretions. The results of these analyses are illustrated in figure 5.
It is at once apparent that, with the exception of gall-bladder bile,
which is greatly concentrated, all these secretions contain essentially
the same total concentration of acids and bases as does serum; all
are isotonic. They differ from one another only in the relative
proportions of different acids and base (chiefly sodium) which they
contain. In gastric juice almost all the acid is composed of Cl,
which is balanced by sodium and hydrogen-ions in varying pro-
portions. The amount of free hydrochloric acid present depends on
the extent to which Cl is neutralized by Na. Hepatic duct bile re-
sembles serum very closely except that bile acids replace serum
proteins. Pancreatic juice is alkaline, because most of its acid is in
the form of bicarbonate.
The acids and bases in these secretions are all derived from the
blood serum in its passage through the secreting organs. Bulger7,
by simultaneous analysis of gastric arterial and venous blood, has
shown that the blood serum in its passage through the stomach, loses
chloride and water in approximately equivalent concentration.
Dodds10, Hubbard4", and others have demonstrated that the "al-
kaline tide" (increased urinary alkalinity) that follows the inges-
tion of food is absent in patients with achlorhydria. It is, therefore,
a reaction to the alkalosis caused by loss of hydrochloric acid from
the blood to the stomach during digestion. During the alkaline
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tide serum bicarbonate rises, while Cl falls. These normal post-
prandial fluctuations of acid-base metabolism, although they are
of physiological interest and may have some diagnostic value, are
too trivial to influence appreciably the salt and water exchange.
More profound changes of acid-base equilibrium may, however,
follow continuous loss of gastro-intestinal secretions.
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Ftc. 5.
Inorganic composition of digestive juices, illustrating the similarity of the
total electrolyte concentration of all except gall-bladder bile to that of the plasma.
From Gamble and McIver".
Pyloric and intestinal obstruction: In animals with pyloric or
upper intestinal stenosis the appearance of tetany was early noted.
Through studies by MacCallum,- Lintz, et al.46 and others it was
demonstrated that the spasmophilic tendency was due to loss of Cl
204ACID BASE EQUILIBRIUM
in the vomitus and resultant alkalosis and that the tetany could be
relieved by parenteral administration of sodium chloride. Concern-
ing the cause of the other symptoms and signs and the early death
ofanimals with intestinal obstruction there has been some controver-
sy. Haden25 and others at first insisted that not only death, but also
the hypochloremia and azotemia were due to the absorption of toxins
from the obstructed gut. It has also been claimed that vomiting
alone could not explain the chloride depletion of the serum, which
was, therefore, assumed to be partly due to transfer of Cl from the
blood to repositqries elsewhere in the tissues. More exact investiga-
tions have shown that hypochloremia, salt deficiency, dehydration,
symptoms of intoxication, and death can all be referred directly to
loss of fluid andelectrolytes in the gastro-intestinal secretions. More-
over, analyses of tissues by Haden and Orr26, have failed to detect
in tissues excessive concentrations of chlorides.
Gamble and Ross'8, by studies of the complete acid-base meta-
bolism of dogs with pyloric obstruction, have defined the electrolyte
disturbances in this condition. The ultimate effects on the serum
are: i. loss of fluid; 2. a greater loss of base, resulting in actual
reduction of the serum base concentration as well as content; 3.
extreme depletion of Cl; 4. the base liberated by chloride is chiefly
neutralized by substitution of bicarbonate, aided to a slight extent
by phosphate and sulfate2 (in man, organic acids, presumably ketones
resulting from starvation, also play a part). These disturbances ap-
pear to be a direct result of loss in the vomitus of water, hydrochloric
acid, and sodium chloride. A considerable amount of the chloride
lost in the vomitus is neutralized by sodium. After pyloric obstruc-
tion the stomachs ofrabbits, which are unable to vomit, becamerapid-
ly distended with fluid, containing quite enough salt, hydrochloric
acid and water to explain the serum electrolyte changes17. Miller53
found that, if the obstruction was relieved within I5 hours the gas-
tric contents were again absorbed and the animals recovered. If,
however, the gastric contents were removed nearthe end of this time,
death ensued even if an equal amount of water was placed in the
stomach and the obstruction was relieved.
Foster'3 has shown that, if dogs are given for the first two or
three days after the production of intestinal obstruction, sufficient
saline solution parenterally to replace the salt and water lost in the
vomitus, butnothingper os, theydevelop no signs of intoxication and
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no hypochloremia. At the end of this period, when vomiting has
ceased, if the saline injections are discontinued neither symptoms of
toxemia nor serum salt depletion develop. The animals live for a
considerable time, finally succumbing to inanition. These results
have been confirmed by Gatch, Trusler, and Ayres21. There can be
no doubt, from all these observations, that acid-base disturbances,
signs and symptoms of intoxication, and death after pyloric obstruc-
tion are all alike referable to loss of fluid and salts in vomitus.
The urine in pyloric obstruction becomes extremely scanty be-
cause ofthe dehydration; chloride excretion diminishes rapidly, ceas-
ing entirely when serum chlorides have fallen to about 90 milli-
equivalents; ammonia excretion is minimal. In the early stages the
urine becomes alkaline, containing large quantities of bicarbonate.
As intoxication becomes more severe, however, the urine may again
become acid18 34 even though the bicarbonate excess (indication of
alkalosis) in the serum may be more extreme. Parenteral admin-
istration of sodium chloride at this time causes the urine to become
alkaline. The paradoxical excretion ofan acid urine when the serum
gives evidence of alkalosis, seems to mark a state of extreme base
depletion. When base deficiency has reached a certain point the
organism becomes unwilling to part with more and thus further to
exaggerate hypotonicity and dehydration, in spite of the fact that
failure to do so aggravates bicarbonate excess. When, by admin-
istration of chloride, it receives additional base, it reacts by excreting
bicarbonate to restore the normal acid pattern. The course of the
changes in acid-base equilibrium after pyloric obstruction are il-
lustrated schematically in figure 6.
One alteration of blood chemistry, which is not directly con-
nected with electrolyte equilibria, but which invariably attends in-
testinal obstruction, is increase of non-protein nitrogen. This isproba-
bly to be ascribed to toxic destruction of protein or starvation, in-
sufficient urine excretion due to lack of water, and circulatory changes
attending reduction of blood volume.
The most serious effects of intestinal obstruction appear to be
due to the loss of salt and water. Administration of glucose solu-
tion subcutaneously and intravenously, by promoting urine flow and
sparing nitrogen may cause the blood non-protein nitrogen to fall,
but does not prolong life. Ammonium chloride, although it over-
comes hypochloremia and alkalosis, shortens life by furthering de-
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The effect of pyloric obstruction and of diarrhea on the acid-base balance
of the serum.
In "a" vomiting has caused the loss of a large amount of Cl as free hydro-
chloride acid. This has been replaced by HCO3. At the same time a certain
-amount of NaCl with an equivalent amount of water has been lost. In "b"
inm
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the same processes have continued further, but the loss of water has not been so
great as that of salt. Serum volume has been spared to some extent at the ex-
pense of osmotic pressure.
The end result of diarrhea is similar except that the alkaline character of
the feces leads to greater depletion of HCO3 than of Cl. There is a considerable
reduction of Cl content with only a minor deficit in Cl concentration.
hydration'17 21. Administration of isotonic sodium chloride pro-
vides water and the ions which are chiefly lacking. It is not certain
that a mixture of NaCl and NH4Cl would not accelerate the
restoration of the normal serum electrolyte picture. Granted
enough sodium chloride to restore its total water and salt content, the
body, through the kidney, will eliminate bicarbonate selectively, re-
taining Cl, and thus make the necessary adjustment between indi-
vidual acids.
Administration of water by mouth not only fails to alleviate
symptoms, but is positively deleterious because it maintains the
secretory activity of the alimentary tract and washes out of the body
further salt'' 21
One of the points advanced by Haden in favor of the toxemic
origin of the hypochloremia in intestinal obstruction was the obser-
vation of similar chloride deficits in animals with obstruction of the
cardiac end of the stomach and of the pylorus27. The extent of the
serum chloride deficiency in this condition is, however, relatively
small. Its origin requires further investigation.
In obstruction of the pylorus by carcinoma associated with achlor-
hydria, dehydration and salt depletion occur without specific chloride
deficiency and alkalosis22. Fistulae of the stomach with continuous
loss of gastric contents produce effects quite similar to those follow-
ing pyloric obstruction75. Fistulae of the pancreatic duct or the
small intestine also cause dehydration and salt depletion. Because
the contents of these organs are alkaline, however, acidosis with
bicarbonate deficit and chloride excess develop76.
If obstruction of the alimentary canal is accompanied by impair-
ment of the circulation (strangulation) or peritonitis, all the phe-
nomena of obstruction are observed, and, in addition, symptoms and
signs of surgical shock'' 21,. In these circumstances, saline injections,
though of service in improving the general condition of the patient,
are of less benefit than in simple obstruction.
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Vomiting without gastro-intestinal obstruction may, depending
on its severity and the nature of the vomitus (its content of free acid),
produce disturbances of acid-base, electrolyte and water equilibrium
varying from simple starvation acidosis to pictures quite comparable
to those of pyloric obstruction22 24,
Diarrhea: Carl Schmidt68, as early as I850, in his classical
study of an Asiatic cholera epidemic in Mitau, Germany, demon-
strated by analyses of serum both salt deficiency and hemoconcentra-
tion. In some cases he found nine or more gm. per cent of protein
in the serum instead of the usual seven. The enormous losses of
fluid and salts, especially the monovalent bases, K and Na, in the
stools of infants with diarrhea was pointed out by Holt, Courtney,
and Fales40. Hartmann31 found in the serum of infants with di-
arrhea deficits of base and bicarbonate with little or no chloride de-
pletion and, occasionally, even a Cl excess. Administration of
sodium chloride alone failed to relieve the acidosis and sometimes
produced or exaggerated the chloride excess. This they interpreted
as an indication for the administration of bicarbonate. Hoag and
Marples39 have criticized Hartmann's conclusions, pointing out that
he did not administer enough sodium chloride solution to establish
a free flow of urine. When this is done, they claim, hyperchloremia
does not result because the kidneys excrete the excess Cl as NH4'Cl,
retaining some of the base to form bicarbonate. As stools are usu-
ally alkaline, even in diarrhea, the administration of some bicarbon-
ate may be of advantage. It can not, however, compensate for
failure to supply fluid and sodium chloride to overcome dehydration
and to enable the kidneys to function properly.
Nephritis: Because of the frequent occurrence of edema which
is aggravated by ingestion of salt the problem of electrolyte meta-
bolism in nephritis has long commanded attention. As investiga-
tive studies have proceeded and multiplied it has become more and
more evident that no single conception can cover the phenomena of
the disease. At least two clearly defined types of functional dis-
turbance must be recognized, with intermediate mixed pictures pre-
senting some characteristics of both types, whether such differentia-
tion can be correlated with demonstrable anatomical distinctions or
not. In the first type, of which the condition often spoken of as
nephro;is is the clearest example, are found profuse albuminuria, the
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presence of or tendency to edema without evidence of circulatory
disturbances, litde impairment of renal function (no loss of the
ability to pass concentrated urine) and therefore no retention of
nitrogenous metabolites in the blood, and absence of hypertension.
In the second, hypertension with attendant cardiac and vascular dis-
turbances, polyuria and hyposthenuria with tendency to retention of
nitrogenous metabolites and finally the syndrome of "uremia" are
the most prominent features; edema seldom appears except as a
symptom of heart failure.
In the nephrotic type the development of edema seems to be
referable chiefly to deficiency of serum proteins which, by their os-
motic pressure, normally balance the hydrostatic force of the blood
pressure which tends to drive fluid from the circulating blood. In
most instances, as has been mentioned above, sodium salts tend to
aggravate the edema, while potassium salts have no such effect and
may, in fact, exert a diuretic influence4'48. From this it may be in-
ferred that the edema is confined to interstitial fluids and does not
involve tissue cells. Electrolyte patterns are variously disturbed.
The most common picture appears to be a moderate base deficit,
often accompanied by relative or absolute chloride excess!' ` - 67.
The serum Cl excess is balanced by a moderate bicarbonate defi-
ciency. The changes can only be interpreted as an indication that
Cl is retained in unusually large and Na in unusually small quantity
in proportion to water.
This view is supported by the observation that ammonium chlor-
ide produces a greater degree of acidosis in nephrosis patients than in
normal persons61. Nevertheless, it is generally held that the edema
is primarily due to retention of sodium, which secondarily provokes
retention of equivalent amounts of water and of the acid, Cl. The
reasons for this theory are, first, that patients with nephrosis, when
deprived of salt, may excrete extra water without difficulty; sodium
bicarbonate often provokes more edema than an equivalent amount
of the chloride; but both tend to reduce the volume of urine and to
aggravate edema when the fluid intake is kept constant; while acidi-
fying chlorides may induce diuresis. The force of the last argument
is lessened by the fact, mentioned above, that these chlorides se-
cure their diuretic effects only by producing an unusually great dis-
turbance of acid-base equilibrium.
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Albright and Bauer' have recently presented an extremely in-
teresting study of the total inorganic metabolism of a subject with
"nephrosis", over a series of periods in which he received, suc-
cessively, a salt-poor diet, added sodium chloride, ammonium chlor-
ide and sodium bicarbonate. During the initial period serum base
was low. On the sodium chloride regime there was a continuous-
ly positive salt and water balance and edema increased, serum base
remaining low, Cl rising somewhat. Ammonium chloride precipi-
tated diuresis; but, at the height of diuresis, when base excretion
was maximum, serum base had risen to, and Cl had surpassed, the
normal limits. The diuresis ceased as soon as ammonium chloride
was discontinued. Under sodium bicarbonate there was initial re-
tention of base and water, which later gave way to diuresis which
persisted for some time after bicarbonate was discontinued. Again
serum base was found to have risen to normal limits during the
period of diuresis.
The facts hardly seem to permit one to place the chief or pri-
mary responsibility for the disturbance of salt and water balance
upon any single component of the serum. Apparently the system
is by some means deranged so that an abnormal electrolyte pattern
is maintained. It is, so to speak, improperly set, most frequently so
that water and Cl are retained in the body in excess of Na. Within
this setting, however, it reacts normally. Further Cl or water can
not be retained without Na. Therefore, water without salt is ex-
creted comparatively freely and NH4C1 will produce diuresis. Na
can also be excreted if its concentration in the serum is forced up to
or above the normal level. NaCl, however, does not essentially
unbalance the electrolyte equilibria. Acidosis and alkalosis of serious
degree seldom occur spontaneously in this condition.
In the types or stages of nephritis characterized by hyposthenuria
and hypertension, a very different picture is encountered. There is
no especial tendency to edema; on the contrary these patients tend
to become dehydrated. In the terminal stages of the disease bi-
carbonate deficiency, acidosis, is extremely common. Electrolyte
studies have revealed the fact that this acidosis is due to a variety of
causes1, 32. 67. Phosphate and sulfate accumulations play a definite,
but not important role in its production. Organic acid increases may
occur. Deficiency of base, however, appears to be the most important
single factor. This is shown by figure 7, prepared from the data of
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Peters, Wakeman, Eisenman, and Lee80. It will be ten from this
figure that serum bicarbonate is almost invariably reduced, base is
usually low and chloride is more often low than high.
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FIG. 7.
A statistical analysis of the serum electrolyte changes in terminal stages of
nephritis. Distribution of values for base, Cl, HCO3 and P04 + undetermined
acid. White columns indicate normal values, black columns abnormal values.
These changes can be only partly explained. Accumulations of
phosphate and sulfate have been ascribed directlv to renal imper-
212ACID BASE EQUILIBRIUM
meability on presumptive evidence only. The chloride deficit may
result from vomiting, usually a prominent symptom, which inter-
feres with the ingestion of salt even if it does not cause absolute loss
of Cl. Another factor is, however, instrumental in promoting Cl
depletion. The patient in the terminal stage of nephritis is unable
to pass chloride in high concentration in the urine. At the same
time he continues to excrete Cl even after its concentration in the
serum has fallen below the level at which Cl excretion ceases in
normal persons32 . For this reason, if he receives no salt or is
unable to retain it, he has not the usual power of conserving the
salt stores of the body. Another element in the production of acid-
osis and probably the chief cause of base depletion is the loss of the
ability to form ammonia, which has been demonstrated by Van
Slyke73, Rabinowitch63, Linder45, and others. Without this ability
the nephritic is unable to excrete any strong acid without an equiva-
lent amount of mineral base. For the same reason his capacity to
excrete acids selectively is limited.
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FIG. 8.
The concentration of electrolytes in the serum of a uremic patient as affected
by treatment. For description see text.
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With this tendency to waste salt there is an inevitable tendency
to dehydration, often enough aggravated by vomiting. The logical
treatment is the administration, subcutaneously or intravenously,
if necessary, of fluids containing sodium chloride. The addition of
bicarbonate is often necessary because these patients have lost the
power by which persons with normal kidneys adjust the acid patterns
of the body fluids. They can not excrete the Cl ion as the ammonium
salt, retaining the base of NaCl to form bicarbonate.
The whole process is, perhaps, best illustrated by the example
in figure 8. The patient had a chronic nephritis aggravated by
prostatic hypertrophy with partial urinary retention and a periure-
thral abscess which had been drained, leaving a urethral fistula.
When he was seen in medical consultation after the operation he
was unable to take fluids by mouth and had received but little by
other channels. He appeared desperately dehydrated and was over-
ventilating greatly. The total base concentration of the serum was
greatly reduced. This, and increase of organic acid (or organic
acid + sulfate), had almost extinguished bicarbonate. Chloride
was apparently normal. In spite of this he was given the therapy
indicated below the figure, including i6 gm. of NaCl daily and a
smaller quantity of bicarbonate, with carbohydrate to overcome
starvation acidosis and to mitigate protein destruction. Within 24
hours there was noticeable improvement that was even more evident
the next day. He was, however, still stuporous and breathing
rather heavily. Treatment had raised the total electrolyte con-
centration almost to the normal level, but chloride was too high and
bicarbonate still too low. Bicarbonate administration was, therefore,
pushed more vigorously, while chloride was continued. By the
time of the third study the patient was conscious, breathing quietly
and taking food and fluids freely. Examination of the serum re-
vealed a normal electrolyte picture. The extra bicarbonate had
supplied a specific deficiency. The continuation of chloride therapy
after the second study, when serum chloride was known to be
higher than normal, at first sight seems illogical, although there is
no escaping the fact that it had the desired effect. The reason only
becomes obvious when one takes into consideration the serum protein
figures. Serum proteins diminish in each successive study. Dehy-
dration was extreme at the beginning. At the time of the second
observation the concentration of chloride in the serum was high, but
214ACID BASE EQUILIBRIUM
the total chloride content of the body fluids was apparently still
low. As the fluid content of the body was restored chloride was
diluted. Besides this, urine flow increased greatly as had been de-
sired. The beneficial effects of this are shown strikingly in the re-
duction of blood non-protein nitrogen. Diuresis was stimulated by
the administered saline and presumably swept some chloride from
the body. If salt had not been given to replace that which was
thus lost, chloride deficiency would have developed. Bicarbonate
was necessary because this man could not, like the diabetic or the
patient with diarrhea, make his internal readjustment when he re-
ceived chloride alone, because he had lost the ability to form am-
monia and could not, therefore, excrete Cl without Na.
In patients with true renal edema salt should be restricted. In
the face of severe renal injury, however, with hyposthenuria -and
no tendency to renal edema, it is desirable to establish and to main-
tain a free urine flow by the administration of large amounts of fluid.
If salt is withheld this inevitably leads to salt depletion, because the
nephritic can not or does not conserve his salt supplies against renal
leakage as the normal individual does. Forcing fluids without pro-
viding salt is provocative of discomfort in any case; it is far more
serious in uremia. Salt restriction can and does lead only to dehy-
dration, salt depletion and acidosis. Bicarbonate must often be pro-
vided in addition because the ability of the kidneys to excrete indi-
vidual acids selectively is impaired. It is, however, inadvisable to
use bicarbonate alone to combat nephritic acidosis, because this very
loss of adjusting power, as Ellis" has shown, renders nephritic
patients peculiarly liable to alkalosis.
CONCLUSIONS
Acidosis and alkalosis must not be looked upon as mere alter-
ations of the concentrations of bicarbonate or acids in thebody. These
conditions involve far more serious trains of consequences all of
which must be taken into consideration. The most important of
these are changes in the salt and water content of the body, especially
dehydration and salt depletion. Although every derangement of
acid-base equilibrium should be fought with due attention to its
specific cause and effects, regulation of salt and water intake is a
useful weapon against them all. Attempts to provide individual ions
to supply deficits or to correct special disturbances of acid-base pat-
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terns are meritorious and sometimes essential, but can never be as
beneficial as measures which enable the organism to exercise its own
powers of adjustment in the most effective manner.
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